ABSTRACT This paper investigates the adaptive fault-tolerant control problem for a class of nonlinear systems with unknown control directions and uncertain parameters. To solve this control problem, the homogeneous domination method based on backstepping and fault-tolerant control scheme is applied to the uncertain nonlinear systems. First, a homogeneous domination-based adaptive control scheme using Nussbaum-type function is designed. Then, a fault-tolerant controller is proposed to deal with the actuator faults. The adaptive controller ensures that the closed-loop system is bounded, and all the states of the system asymptotically converge to 0. Finally, a simulation example is applied to demonstrate the effectiveness of the new designed adaptive fault-tolerant control scheme.
I. INTRODUCTION
Actuator failures often occur in control processes when the control system expose to external conditions, such as high temperature, high pressure and corrosive environment. To improve the system reliability and safety, it is an urgent problem to handle the control system considering actuator failures. Meanwhile, parameter uncertainties and unknown control directions widely exist in many nonlinear control systems. Therefore, how to design an effective control scheme to solve the system uncertainties and unknown control directions for nonlinear systems is also very important.
In recent years, fault-tolerant control has received much attention to solve the control problems with the actuator failures [1] - [8] . Because of the adverse effects of actuator failures on system stability, the research topic of designing an effective fault-tolerant control scheme for a control system is extremely urgent. For this purpose, a lot of results have been achieved on fault-tolerant control. In [5] , two online schemes for an integrated design of faulttolerant control systems where proposed. The adaptive fuzzy decentralized fault-tolerant control problem for the strictfeedback nonlinear systems with unknown actuator faults was considered in [1] . Unknown actuator faults were also considered in [6] , in which the control problem for a class of Markovian jump systems with fault-tolerant control method was developed. In [7] , the fault-tolerant control was investigated for stochastic systems with Markovian jump parameters. However, when the system control directions are unknown, these above-mentioned control methods may become unapplicable.
The control problems for linear and nonlinear systems with unknown control directions have been widely investigated [9] - [13] . The control direction means the moving direction of the system in any control, which is always assumed to be known in [1] , [2] , and [7] . However, it may be unknown in many practical systems. As early as 1980s, the researchers began to investigate the control problems for linear systems and nonlinear systems with uncertain control directions [19] , [30] - [32] . The initial study was carried out by Nussbaum [19] , and achieved that for linear systems, adaptive control for the linear systems is still feasible with unknown high frequency gain sign. The Nussbaum-type gain method was first proposed by Nussbaum, and the control problem for a class of first-order linear systems has been solved. Then, Nussbaum-type gain method has been widely used for the adaptive control problem of the one-order nonlinear systems with nonlinear disturbances and higher order linear systems. However, due to the effect of the interference, the designed controllers existed violent shaking. To deal with this disadvantage, many more works have been carried out in [11] - [13] , [33] , and [34] , and the relative degree of the system can be expanded. For example, the algorithms proposed in [11] and [34] have the capability to deal with the control system with the arbitrary relative degree. Recently, to handle this control problem for linear and nonlinear systems, Nussbaum-type function has been widely utilized. In [12] , a novel adaptive compensation control scheme was designed for a class of nonlinear systems with unknown control directions. A PID control scheme for nonlinear systems with unknown control direction was proposed in [13] .
It is known that the control problem will become complicated if the parameter uncertainties exist in the control systems. Adaptive control has been extensively studied to handle the system parameter uncertainties in past decades [14] - [18] , [27] - [29] . For example, in [16] , an adaptive controller was designed for a class of nonlinear systems with parameter uncertainties. In [17] , an adaptive tracking control scheme was proposed to deal with the control problem for a class of nonlinear systems with parametric uncertainty. On the other hand, adaptive sliding mode control problem of nonlinear Markovian jump systems (MJSs) with partly unknown transition probabilities was studied in [18] . How to utilize the adaptive method to construct an applicable fault-tolerant control scheme is our main focus. In addition, the assumption condition should be relaxed compared with the related existing adaptive methods for nonlinear systems.
To the best of our knowledge, limited works have been reported for the fault-tolerant control problem of nonlinear systems with unknown control directions. Strongly motivated by the aforementioned literatures, considering the nonlinear system with actuator failures, unknown control directions, and uncertain parameters, a new adaptive fault-tolerant control scheme is designed in this paper. In the proposed control scheme, the assumption for the known control directions is relaxed in this work. Using homogeneous domination technique (a kind of backstepping method) and parameter separation method, the change of coordinates is defined first. Then, an adaptive multi-input and single-output fault-tolerant controller is proposed. In summary, the remarkable features in this paper are presented as the following two aspects:
(1) Compared with our previous work [26] , the assumption for the nonlinear systems is more relaxed. Furthermore, the proposed adaptive control scheme can be applied to more general nonlinear systems with more relaxed assumption condition compared with related existing works [1] , [8] .
(2) A new adaptive fault-tolerant control scheme is proposed for a class of nonlinear systems. When the system actuator suffers uncertain faults, this proposed method can still ensure the global stability of the nonlinear systems. Compared with the similar works without considering the actuator faults, such as [24] and [35] , the adaptive control method proposed in this paper is more effective in practical applications.
The rest of this paper is organized as follows. Section II presents the problem formulation and preliminaries. Then, the fault-tolerant control design scheme and the stability analysis are developed in Section III. The simulation examples and the results are further presented in Section IV. Finally, Section V gives the conclusions.
II. PROBLEM FORMULATION AND PRELIMINARIES
Consider the following multi-input and single-output nonlinear uncertain system given bẏ
where
. . , n − 1) with p i ≥ 1 are ratios of positive odd integers, f i are nonlinear functions with
, where g n1 (t), . . . , g nm (t) are nonzero bounded time-varying functions, and θ ∈ R s is a vector of unknown constant parameters of the system. 
Remark 1: Functions g i (t) take values from the unknown closed intervals
G i = [g i ,ḡ i ], with 0 / ∈ G i , 1 ≤ i ≤ n,
A. DESCRIPTION OF ACTUATOR FAULTS
The actuator faults studied in this paper are both lock-in-place and loss of effectiveness [1] , [2] :
Lock-in-Place Model:
whereū j stands for the place where the jth actuator is stuck, and t j is the time instant at which the lock-in-place occurs.
Loss of Effectiveness Model:
is the ith applied control input, t i is the time instant at which the loss of effectiveness fault takes place, and
is the effectiveness factor of the corresponding actuator u f i , and 0 < k i ≤ 1 is the lower bound of k i (t), where k i = 1 means that the system is free of actuator failures.
Describe the actuator fault as follows
where λ j is the lock factor defined as λ j = 1, the jth actuator is stuck 0, otherwise.
B. USEFUL DEFINITION AND LEMMAS
In this section, the useful denifition and lemmas which will be used to design the finite-time control scheme are presented as follows: Definition 1 [19] : If a real function ν(·) satisfies the following properties
then it is a Nussbaum-type function Remark 2: Without loss of generality, throughout the paper, we choose
Lemma 1 [20] : For x ∈ R and y ∈ R and any positive number γ > 0, the following inequality holds The following assumptions are introduced to complete the control design scheme.
Assumption 1 [22] , [23] : (2) , the others may lose effectiveness as (3) , the system can still achieve the desired control aim.
III. ADAPTIVE FAULT-TOLERANT CONTROL DESIGN SCHEME
A. ADAPTIVE CONTROL DESIGN SCHEME In this section, from the first step to the final step, the homogeneous domination-based control design scheme is similar to our previous work proposed in [24] .
First, define = n i=1 c i (θ ), and˜ (t) = −ˆ (t), wherê (t) is the estimate of to be designed later. Then, define the changes of coordinate as follows
where the virtual controllers are designed as
and the update laws are designed bẏ
where β 1 (·), . . . , β n (·) are C 1 functions and will be defined in the following steps.
Initial
Step: Consider the Lyapunov function
Then its derivative is given bẏ
Since z 1 = x a r 1 1 , choose the virtual controller α 1 and the update law η 1 as follows
where β 
For i = 1, . . . , k − 1, suppose that in the (k − 1)th step, there exist C 1 functions
Next, it will be proved that (14) also holds if i = k. Define
The following Lyapunov function is chosen as
Then,V k (·) iṡ
From Lemma 1, we have the following inequality
Similarly, we obtain
a . At the same time, by direct calculation, we have
Hence, we have the following two propositions.
Proposition 2: The following inequality holds
≥ 0, where i = 1, 2, . . . , k − 1.
Remark 3: Note that the proofs of Propositions 1 and 2 are similar to [21, Propositions 3 and 4] and [25, Lemmas 3.4 and 3.5].
To proceed with the evaluation ofV k , we will estimate the value of (16) .
First, we estimate the following term of (16)
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From Proposition 3.2 and Lemma 2.2, we obtain
Similarly, the following inequality holds
Substituting (20), (21) and (22) into (16) giveṡ
∂ˆ
, and
Then, we estimate the last term of (23)
It follows that the derivative of V k is given bẏ
The virtual controller and the update law can be chosen as follows
Final
Step: Consider the following Lyapunov function
Similar to the induction step, we havė
∂ˆ
With all the variables defined and parameters designed, we are ready to present the adaptive fault-tolerant control law.
B. ADAPTIVE FAULT-TOLERANT CONTROLLER DESIGN
From system (1) and definition of the actuator fault, combined with the adaptive control design scheme in subsection A, we propose the following adaptive fault-tolerant controller
The homogeneous domination-based fault-tolerant controller is designed as
where w(t) = j =j 1 ,...,j p g nj σ k nj (t).
The update law for the Nussbum-type function is designed aṡ
The adaptive parameter iṡ
In addition, the derivative of V n becomes with (32)-(34)
C. STABILITY ANALYSIS
In this section, the stability results for the control of the nonlinear system (1) will be proved.
Theorem 1: Consider the nonlinear system (1) and actor faults (2) and (3), under Assumptions 1 and 2, if the adaptive controller (32)-(34) is applied to (1), then the closed-loop system is asymptotically stable.
Proof: Using the definitions of η j and β j (·) (j = 1, . . . , n), (35) is transformed intȯ
Next, it is shown that all signals are bounded. Integrating (36) gives
whereε n is a constant related to the initial conditions. Introduce the following function to handle the second term of (37)
where m is a positive integer.
As the Nussbaum function ν(η) = e η 2 cos( π 2 ) is positive when η ∈ (4m − 1, 4m + 1), and negative when η ∈ (4m + 1, 4m + 3), andη n (t) ≥ 0, we have
where ε n is a constant related to the initial conditions. It follows that (37) becomes
whereε n =ε n + ε n . According to the proof of [11, Th. 1] , from (40), it is achieved that η n (t) is bounded on [0, t f ) by contradiction.
The update law η n (t) is bounded on [0, t f ), thus the Lyapunov function V n (t) must be bounded on [0, t f ). From the boundedness of η n (t) and V n (t) on [0, t f ), z n (t) are bounded on [0, t f ). According to (32) , u n (t), x n (t) are bounded on [0, t f ). Therefore, from the definitions of z n (t) and η n (t), all the states of the closed-loop system are bounded.
From u = α n is bounded, it is deduced that ẋ(t) is bounded. Meanwhile, for 1 ≤ k ≤ n, x k (t), z k (t) and η k (t) are bounded, it follows thatη k (t) are bounded, then ż(t) is bounded, thus, z(t) 2 is uniformly continuous. From
and by Barbalat's lemma, we have
Based on (32) , the definition of z k (1 ≤ k ≤ n), and the boundedness of η k , it is obtained that
Therefore, all the signals of system (1) are bounded and the state of the system asymptotically converges to zero. VOLUME 7, 2019 
IV. SIMULATION STUDY
In this section, a simulation example is used to verify the effectiveness the proposed adaptive fault-tolerant control method.
The following example is considereḋ
where θ 1 and θ 2 are unknown parameters. The actuator fault is considered as follows Then the virtual controller is designed as follows
The adaptive controller is designed as follows
The functions are given as g 1 (t) = 1.5 + sin (t), and g 21 (t) = g 22 (t) = 1.5 − sin (t). Fig. 1 shows that states x 1 and x 2 are asymptotically stable. Fig. 2 shows the time evolution of the adaptive parameters η 1 and η 2 . From the simulation results, it is shown that all signals of the nonlinear system (43) are globally bounded, and the two system states asymptotically converge to zero. Fig. 3 shows the adaptive parameterˆ .
Compared with recent related work [8] , actuator stuck case is further studied in this paper. Consider the following faulttolerant control method proposed in [8] where ρ is the float fault, and θ represents the partial loss of effectiveness fault. From [8, Assumption 3] : ρ L ≤ ρ ≤ 1 and |θ| ≤θ , where ρ L andθ are positive constants, it can be shown that the control process will be interrupted when the actuator suffers stuck. To improve the fault-tolerance control performance, a novel fault-tolerant controller is designed in this paper. Considering the actuator fault (44) with actuator stuck, the system can still keep the original trajectory. In the following, the effectiveness of the new proposed fault-tolerant control method is demonstrated. Using the fault-tolerant control method in [8] and choosing the actuator fault as: when t ≥ 1.5, u = 5, the control performance is shown in Fig. 4 , and the adaptive parameters are shown in Fig. 5 . It demonstrates that the control processing is interrupted when t ≥ 1.5. Applying the fault-tolerant control method proposed in this paper, the control performance is shown in Fig. 1 , and the adaptive parameters are shown in Fig. 5 . The results illustrate that the proposed fault-tolerant control scheme in this paper is effective.
Based on the simulation results, we have the following conclusions:
(1) All the states in the closed-loop systems are bounded and asymptotically converge to zero; (2) The fault-tolerant control method is effective, and compared with the existing work, the fault-tolerant control performance is improved.
V. CONCLUSION
An adaptive fault-tolerant control scheme for a class of nonlinear systems with unknown control directions and uncertain parameters has been proposed in this paper. Homogeneous domination method and fault-tolerant control method have been utilized to deal with the control problem for the uncertain nonlinear systems. A homogeneous domination-based adaptive control scheme using Nussbaum-type function has been designed first. Then, a fault-tolerant controller has been proposed to deal with the actuator faults. The adaptive faulttolerant controller has ensured the global asymptotical stability of the closed-loop nonlinear system. Finally, a simulation example was used to demonstrate the effectiveness of the new designed adaptive fault-tolerant control scheme. The main contribution in this work is to design a novel adaptive faulttolerant control scheme for the nonlinear systems. Compared with the existing works, the control method can be applied to more general nonlinear systems, and the fault-tolerant control performance is effective.
